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ANISOTROPIC SECONDARY ELECTRON EMISSION FROM Si(l00) SURFACE
OBSERVED BY ULTRAHIGH VACUUM SCANNING ELECTRON MICROSCOPY
Yoshikazu Homma
NTI Interdisciplinary Research Laboratories,
3-9-11 Midoricho, Musashino-shi, Tokyo 180, Japan
Phone No.: +81-422-59-2558, FAX No.: +81-422-59-3695

Abstract

Introduction

The effect of surface atomic structure on secondary
electron (SE) emission from a Si(100)2 X l surface is
studied using an ultrahigh vacuum scanning electron
microscope with an SE detector having angular resolvability. The double domain structure, alternate 2 X 1 and
1 X 2 domains, can be clearly imaged by SEs, indicating
that the SE emission varies with the orientation of dimer
rows on Si(IO0) surface: higher intensity in the direction
parallel to the dimer rows and lower intensity in the
perpendicular direction. The present results demonstrate
that the SE emission is greatly influenced by the atomic
configuration in the topmost layer.

Atomic steps on semiconductors and metals have
been imaged by scanning electron microscopy (SEM).
Earlier reports used high resolution SEM in combination
with a field emission electron gun and an in-lens type
objective lens [2, 5, 6, 12, 13], or imaging after exposure of a clean surface to air [8, 9]. We have shown
that atomic steps on a Si(l 11) clean surface can be
imaged clearly even by SEM with a larger beam diameter using grazing incidence of primary electron beam
f7]. Those results imply that secondary electron (SE)
emission is greatly influenced by surface topography on
the sub-nanometer scale.
Theories of SE emis!>,on, such as Monte Carlo calculations [4, 14), so far did not include the effect of
surface atomic structures. Very few experiments have
studied the effect of surface atomic structures on SE
emission. Those are due to the fact that the surface
atomic structure is thought to have a negligible effect on
SE emission since SEs are produced through multiple
scattering of primary electrons with solids under the
surface.
In order to examine the effect of the topmost layer
on SE emission, it is desirable to use a surface reconstruction structure of intrinsic atoms which has domains
with different symmetry axes.
The single-stepped
Si(l00)2 X 1 surface is one such example, where the
topmost atoms form rows of dimerized atoms which can
be oriented in two possible directions. On slightly misoriented Si(!00) surfaces, 2 X l and I X 2 domains appear alternately across a monatomic step.
In this paper, we report the variation in SE emission
with the orientation of dimer rows on Si( LOO)surface
using an SEM instrument with an SE detector having angular resolvability and present SE images of 2 X l and
1 X 2 domains on Si(l00) for the first time.

Key Words: Secondary electron emission, atomic layer
imaging, surface microscopy, scanning electron image,
Si(IO0), dimer row.

Instrument for Surface Imaging
An ultrahigh vacuum SEM instrument equipped with
a field emission electron gun (a modified Hitachi S-800)
was used for surface imaging [7]. Figure I shows schematically the configuration of the instrument near the
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Figure 1. Schematic diagram of SE imaging system.
sample. The sample stage could be tilted from 0° (normal incidence) to 90° (grazing incidence). The working
distance between the objective lens and sample surface
was 10 mm. The spatial resolution of the SEM with a
normally incident 25 keV electron beam was 5 nm.
An SE detector was placed on the side of the sample, near the axis of sample tilting. A metal hollow
cylinder at ground potential was placed in front of the
scintillator, the part that detects SEs. Although the SE
extraction voltage was 10 kV, the same as for normal
SEM, the metal cylinder acted as a collimator. Figure
2 shows the angular resolution of the SE detector. A
SiC micro-crystal, created on a Si(l 11) surface by
heating in UHV, and hemispherical in shape, and Si step
bands around it were imaged by a normally incident 25
keV primary beam. In this micrograph, the image contrast was enhanced to show the anisotropy of detection
efficiency. About a quarter of the hemispherical crystal
appears bright in the image. This means that the detector selectively detects SEs emitted within 90 degrees in
azimuth.
A boron-doped Si (100) wafer ( - 5 fl · cm) misoriented by less than 0.17° was used in this study. Specimens 0.4 x 5 x 20 mm 3 in size were oxidized with a
H 2 SO4 :H 2 O2 (4: 1) solution and introduced into the
chamber through a load lock. Specimens were heated
by DC resistive heating and their temperature was
monitored by an infrared pyrometer.
The pressure
during SEM observation was about 1 x 10-7 Pa using a
liquid nitrogen shroud.

Figure 2. SE image of SiC microcrystal on Si(l 11)
showing angular resolvability of SE detector. 25 keV
primary electrons were normally incident, and the SE
detector was located on the left side of the image.
electron beam. There are alternate dark and bright
regions in the images, and the area ratio of these regions
changes with the current direction. The brighter region
expands when the current is in the step-down direction
and shrinks in the opposite direction.
As for the fine structure of each region, the right
boundary of the bright regions is smoother than the left
boundary. This feature corresponds to the step shape on
Si(lO0) observed by ultrahigh vacuum scanning tunneling microscopy (UHV-STM) [l). That is, the socalled SA steps between the upper 2 X 1 terrace and the
lower 1 X 2 terrace are smooth, and the SB steps between 1 X 2 and 2 X 1 are rough. The dimer rows are
parallel to the SA steps and perpendicular to the SB
steps. Comparing the STM results with the SE images
in Figure 3 together with the misorientation direction of
the surface, the bright and dark regions in Figure 3
correspond to the 1 X 2 and 2 X 1 domains, respectively. The conversion of dominant domains due to DCheating was just the same as observed by reflection
electron microscopy (REM), i.e., the 2 X 1 domain
predominated in the step-up current direction [3, 11].
The domain contrast is influenced both by the incident angle of primary electrons and the detection angle
of SEs. The relationship between the detection angle

SE Image of Si(lOO) Surface
Under DC-resistive heating, the ratio of 2 X 1
region to 1 X 2 region varies with the current (or
electric field) direction [3, 11]. Figure 3 shows SE
images of Si(lOO) surface heated at 1300°C for 30 seconds in two different current directions. The images
were taken at 45° incidence of a 25 keV primary
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Figure 3. SE images of Si(lO0) surface for two heating current directions. The samples were resistively heated at
1300°C in (a) step-down and (b) step-up current directions, respectively. 25 keV primary electrons were incident at
45° from the bottom of the images, and the SE detector was located on the left side of the image.
and the dimer rows was evaluated using normal incidence of the primary electron beam to eliminate the influence of the incidence angle effect. Figure 4 shows
the change in domain contrast observed at normal incidence while the sample was rotated along its azimuth.
The primary electron energy was lowered to 2 ke V to
reduce the background SEs. In Figure 4a, the predominant 2 X 1 domains appear dark. Domain contrast becomes weak when the sample is rotated by 30° as shown
in Figure 4b. At 45° rotation, no domain contrast was
observed. When the sample was rotated by 90°, contrast inversion took place resulting in the predominance
of bright 2 X 1 domains as shown in Figure 4c.
The results in Figure 4 indicate that a domain
appears bright when dimer rows are parallel to the SE
detector. Therefore, SE emission has anisotropy depending on the orientation of dimer rows; SE intensity
has maxima along the dimer rows and minima in the direction normal to them. Since the detection efficiency
for the SEs emitted to the detector is higher than those
emitted perpendicular to the detector, a contrast

difference can be obtained between the 2 X 1 and 1 X 2
domains. The SE intensity difference between two types
of domains is less than 10 % even at a grazing incidence,
estimated from the line scan profile of the SE image.

Origin of SE Emission Variation
The energy spectrum of SEs emitted from the
Si(lO0) surface was measured by a hemispherical energy
analyzer installed in the microscope. Figure 5 shows the
energy spectrum measured using a 2 keV primary electron beam with an incident angle of 15°. SEs were extracted in the normal direction to the primary electron
beam (take off angle of 15°) by biasing the sample to
-100 V. The DC-heating at 1145°C for 2 min in the
step-up current direction converted the sample to almost
a single 2 X 1 domain surface (the area ratio of the 1 X
2 domain was less than 0.1). The spectrum has a peak
at 1-2 eV and a full width of about 5 eV at half maximum. No features specific to the surface structure are
seen. The shape of the spectrum from the I X 2
15

Y. Homma

2
C

4

:,
0

u

~

iii 2
zw
I-

~

0 L-~
0

--,~o~~,~s-~2~0-~2~s--1~0~~3~5~-::40
5
ENERGY (eV)

Figure 5. Energy spectrum of SEs emitted from 2 X 1
dominated Si(IO0) surface. The primary electron energy
was 2 keV with an incident angle of 15°. The sample
was biased to -100 V.
energy spread ranging from 0 to more than 10 e V,
coherent diffraction can hardly be expected to cause the
SE intensity variation on the Si(I00) surface.
One possible explanation for the SE intensity
variation is that surface atoms scatter SEs non-uniformly. Since SEs are produced by various inelastic scattering processes in solids, the atoms in the topmost layer
act as scatterers for SEs emitted from deeper regions
rather than as emitters of SE. Therefore, SE intensity
might differ with the atomic density of the topmost
layer: higher intensity for a surface structure with atomic
gaps or channels than for a dense surface structure.
For Si(I00)2 X I observed at a grazing angle, as
shown in Figure 6, surface channels are seen parallel to
the dimer rows; the atoms in the second and third layers
can be seen. Perpendicular to the dimer rows, the
atoms deeper than the second layer cannot be seen.

Figure 4. SE images for different azimuth angles of
sample rotation. The sample was set in (a) <0ll >
direction, (b) rotated by 30°, and (c) rotated by 90°. 2
keV primary electrons were normally incident, and the
SE detector was located on the left side of the images.
dominant surface was exactly the same as that in figure
5. In our instrument, the stability of the primary
electron current was not sufficient to evaluate the SE
intensity difference between the two types of domains.
As an effect of the surface atomic configuration on
electron emission, photoelectron diffraction is well
known in photoemission spectroscopy [IO]. In SE
emission, however, emitted electrons have a wide

16

Anisotropic SE Emission From Si(l00)

High SE intensity

Low SE intensity

Dimer row

t

Parallel direction

Perpendicular direction

Figure 6. Atomic arrangement of Si( 100)2 X 1 surface observed at a grazing angle.
Thus, the scattering effect is expected to be larger for
the perpendicular direction.
The concept for the SE intensity change proposed
here is only qualitative. At present, as we merely have
the SE images that show the anisotropy of SE emission,
it is difficult to treat the phenomenon quantitatively. For
a quantitative interpretation, we need to measure the
complete angular distribution of SEs emitted from clean
surfaces.

Mineharu Suzuki, Masato Tomita and Takayoshi
Hayashi for their thoughtful discussions and encouragement of this work.
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examine it.

T. Koshikawa: It is strange that the topmost layer of
atoms act as scatterers rather than emitters of SE.
These atoms may both scatter and emit SEs. What is
your opinion?
Author: It is true that the atoms in the topmost layer
emit SEs, but SEs are also generated in deeper atomic
layers, and those can be scattered by the topmost layer
atoms. The detected SEs are a combination of those
emitted from each atomic layers, so a significant number
of them might be scattered by the atoms in the topmost
layer. The origin of scattering is not necessarily the
surface atoms themselves but the anisotropic surface
potential created by the configuration of surface atoms.

J. Liu: Can you discuss the role of the topmost layers
of the reconstructed domains more clearly? It seems to
me that the "valley" and "hill" rows of atoms of the
reconstructed domains have two effects on the emission
of SEs: (1) enhanced SE emission from the dimer rows,
and (2) reduced SE emission (due to scattering or shadowing effects) from the missing rows of atoms (refers
to Figure 6a). Therefore, with a point incident beam at
normal incidence it is possible to image the dimer rows
as bright lines in a SE image.
Author: As you point out, with a point incident beam,
the dimer rows would appear bright. But with a probe
size much larger than that of the dimer rows, which is
the case of our observation, the enhancement of SE
emission from the rows and the reduction at the missing
rows occur simultaneously in the beam spot, yielding the
averaged intensity. This means that, if the SE emission
is isotropic, we can expect no difference between the
two types of domains with different orientations of dimer
rows.

Discussion with Reviewers
R. Shimizu: The SEM-contrasts shown in Figure 4
appear very similar to those of a saw-tooth shaped
sample observed under grazing angle detection. The
detection from the direction parallel to the saw-tooth
rows catches all the SEs from the surface, but the
detection from the direction perpendicular to them
catches only those from the saw-tooth surfaces facing the
detector, as Figure 2 implied. If so, your work has
confirmed that an effect that has been observed on a
macroscopic scale also occurs on the atomic scale.
Author: The shadowing effect due to atomic-scale
surface topography might be another possible explanation for the anisotropic SE intensity from the dimer
rows, although the physical process producing the topographic effect might not be same as that producing the
effect seen on the macroscopic scale because the sawtooth structure is four atomic layers wide and two
atomic layers high (see Figure 6).
The exact origin of the contrast cannot be determined from the present results alone, but the meaning of
the angle discrimination differs between the two explanations. In the case of shadowing, the SE detector should
only distinguish between the SEs from the saw-tooth surfaces facing the detector and those from the saw-tooth
surfaces facing away from it. In the scattering model
presented in this paper, on the other hand, the SE
detector should distinguish between the SEs emitted
toward the detector and those emitted in the perpendicular direction. So, different angle resolutions are required: less than 180° for shadowing and less than 90°
for the scattering model. We have not yet examined the
influence of angular resolution, but we will soon

J. Liu: The contrast of different domains in the SE
image is related to the angular distribution of the emitted
secondary electrons as demonstrated by Figure 4. You
sµggested that the contrast is caused by a scattering
effect. However, if one considers the surface atomic
structure (Figure 6), one should realize that with a large
probe size the emitted secondary electrons originate
from two kinds of "emitters": SEs emitted from the
dimer rows and SEs emitted from the missing rows. It
is possible that SEs emitted from the missing rows have
lower intensity in the direction perpendicular to the
dimer rows due to scattering effects. But SEs emitted
from the dimer rows may also be anisotropic. Can you
comment about this, based on the experimental results?
Author: It is possible that the SE emission from the
dimer rows is anisotropic, but we have no experimental
results distinguishing the two kinds of emitters. To do
18
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that, we need to measure
distribution of SEs.

the complete

J. Liu: The paper presented SE images obtained with 25

angular

keV (Figure 3) and 2 keV (Figure 4) primary electrons.
Have you observed any significant change of image contrast of the domain structures at different primary beam
voltages?
Author: No, the primary beam voltage did not change
the contrast significantly. The contrast depends mainly
on incidence angle of the primary beam. At near normal incidence, the domain contrast became faint because
of the increase in the background SE intensity (SE 3), so
a low beam voltage was needed to reduce the background.

J. Liu: Can you give more information about the
take-off angle of the SE detector? For example, can SEs
emitted along the optical axis be collected?
Author: We have not quantitatively evaluated the
take-off angle of the SE detector, but the resolution in
the take-off angle is expected to be same as that in the
azimuth direction of the sample surface shown in Figure
2. Thus, the detector mainly accepts the SEs emitted
within the solid angles of 1r/2 (effectively, the SEs
emitted within the take-off angle range from 0° to 45°
to the surface). As the angular resolution is not high
enough, the detector can collect the SEs emitted along
the optical axis, but the collection efficiency is low.

T. Koshikawa: What do you think about the strong field
effect at the topmost atoms due to the high voltage applied to the SE detector? Could the contrast be formed
by this strong filed?
Author: We examined the domain contrast with a
shielded detector, i.e., a detector with a grid electrode
in ground potential placed in front of it. The same contrast was still observed with the detector, so it is not
caused by the electric field.

R. Shimizu: If you set the sample on the sample holder
in such a way that it is inclined to the detector, at 45°
for instance, a contrast difference such as that shown in
Figure 4 would be significantly reduced. Have you tried
this sort of observation?
Author: No, we have not tried such observation, but we
agree that the domain contrast would become weak when
the sample holder is inclined to the detector. The two
types of domains should be completely equivalent when
SEs are extracted normal to the sample surface.
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